is found in the mammalian myocardium and is activated by osmotic swelling. The goal of this study was to examine the importance of the tyrosine kinases focal adhesion kinase (FAK) and Src kinase in cardiac ICl,swell regulation. Neonatal rat ventricular myocytes were cultured on collagen membranes and infected with adenovirus expressing ␤-galactosidase (AdLacZ), FAK, or FAK-related nonkinase. FAK-related nonkinase (FRNK) is an endogenous cardiac protein, which functions as an inhibitor of FAK. Whole cell patch-clamp recordings demonstrated that osmotic swelling was associated with the activation of an outward rectifying current in uninfected and AdLacZ-infected cells. Consistent with the properties of ICl,swell, this current displayed a reversal potential close to the equilibrium potential for Cl Ϫ ; was inhibited by the Cl Ϫ channel blockers 4,4Ј-dinitrostilbene-2,2Ј-disulfonic acid, 5-nitro-2-(3-phenylpropylamino)-benzoic acid, and tamoxifen; and was eliminated in hypertonic solution. In addition to activating ICl,swell, hypotonic swelling enhanced the tyrosine phosphorylation of multiple cardiac proteins including those in the range of 68 -70 and 120 -130 kDa. Pretreatment of the cells with the drug 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d]pyrimidine, an inhibitor of FAK and Src, diminished swelling-induced phosphorylation of these proteins but paradoxically increased ICl,swell. Furthermore, overexpression of FRNK but not FAK caused a twofold augmentation in ICl,swell and increased the rate of current activation. Thus the tyrosine kinases FAK and Src contribute to the regulation of ICl,swell.
THE VOLUME-SENSITIVE CHLORIDE CURRENT (I Cl,swell ) is found in mammalian cardiac myocytes and is important for the regulatory volume decrease that follows osmotic swelling (8, 24) . Although initially discovered in canine atrial (22) and ventricular (32) myocytes, I Cl,swell has been identified in the myocardium of a number of species including the rabbit (6), guinea pig (34) , chick (38) , and human (18) . The cardiac I Cl,swell displays outward rectification under both physiological and symmetrical Cl Ϫ concentration gradients and, in general, has an anion selectivity sequence of I Ϫ Ͼ Br Ϫ Ͼ Cl Ϫ Ͼ F Ϫ (22, 34) . This current is blocked by stilbene disulfonates such as 4,4Ј-dinitrostilbene-2,2Ј-disulfonic acid (DNDS) and 4,4Ј-diisothiocyanostilbene-2,2Ј-disulfonic acid, as well as the arylaminobenzoate compound 5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB) and the estrogen antagonist tamoxifen (6, 23, 32, 34) .
A number of signaling pathways have been proposed to couple cell volume expansion to I Cl,swell activation. Whereas both protein kinase A (PKA) and protein kinase C (PKC) can regulate the activity of cardiac I Cl,swell , neither enzyme is directly responsible for the activation of the current (6, 22, 32) . For this reason, attention has focused on other signaling molecules such as tyrosine kinases. Genistein and herbimycin A, two nonspecific tyrosine kinase inhibitors, prevent swellinginduced I Cl,swell activation in canine atrial cells (25) . In addition, tyrosine kinase inhibitors decrease the response of I Cl,swell to hypotonic swelling in noncardiac cells including human intestinal (19) , bovine endothelial (35) , and human prostate cancer (20) cells. However, a mechanistic relationship between the stimulation of tyrosine kinases and the activation of I Cl,swell has not been firmly established. On the contrary, in some tissues, tyrosine phosphorylation is associated with an inhibition of I Cl,swell . For example, drug-induced inhibition of soluble tyrosine kinases enhances I Cl,swell in human atrial (4) and rabbit ventricular (13) myocytes. In addition, when targeted to lipid rafts, the tyrosine kinase Src represses I Cl,swell in pulmonary endothelial cells (31) .
Focal adhesion kinase (FAK) is a nonreceptor protein tyrosine kinase that is localized to regions of cardiac myocyteextracellular matrix contact (termed focal adhesions) (10, 33) . FAK undergoes autophosphorylation at Tyr397 in response to cell adhesion, integrin clustering, and growth factor stimulation (2) . Phosphorylation of this site creates a high-affinity binding site for the Src homology 2 domain of the Src-family kinases that phosphorylate additional tyrosine residues including Tyr576 and Tyr577. After being activated, both FAK and Src can stimulate a vast array of "downstream" effector molecules including small G proteins, MAP kinases, paxillin, and cytoskeletal proteins (10, 33) . Recent experiments have linked FAK activation, triggered by mechanical stretch, to the regulation of an outward rectifying Cl Ϫ current in the heart (1). In the current study, we tested the hypothesis that FAK and Src play a role in regulating the cardiac I Cl,swell . Neonatal rat ventricular myocytes were infected with adenovirus expressing ␤-galactosidase (AdLacZ), FAK (AdFAK), and FAK-related nonkinase (AdFRNK). FRNK is an endogenous cardiac protein consisting of the noncatalytic terminal of FAK, which functions as an inhibitor of FAK (5, 27) . Exposure of control myocytes to hypotonic solution resulted in the activation of a Cl Ϫ current with properties consistent with those of I Cl,swell . In addition, hypotonic swelling induced the tyrosine phosphorylation of several cardiac proteins including FAK and paxillin. Surprisingly, I Cl,swell increased after treatment of the cells with the FAK and Src inhibitor 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine (PP2) and during overexpression of FRNK. It is concluded that the tyrosine kinases FAK and Src contribute through a complex mechanism to the regulation of the cardiac I Cl,swell .
MATERIALS AND METHODS
Isolation and culture of cardiac ventricular myocytes. Animal protocols were approved and monitored by the Institutional Animal Care and Use Committee of the University of South Carolina, Columbia. Neonatal rat ventricular myocytes were isolated and cultured as described previously (21, 36) . In brief, heart ventricles were removed from neonatal pups (age, 3-4 days), minced into 1-mm 3 pieces, and subjected to collagenase (type B; Boehringer Mannheim Biochemicals) dissociation (21) . For the preparation of the aligned myocytes, collagen (type I; Celtrix) was applied to culture dishes or plastic coverslips. While the dish was tilted, a small sterile scraper was used to draw the collagen solution across the dish. Excess collagen was then aspirated, and the culture dish was transferred to a 37°C incubator. When plated on this oriented or aligned collagen substrate, the cells exhibit an in vivo-like phenotype with a rod-shaped appearance (21, 36) . Myocytes were cultured in DMEM (GIBCO) supplemented with 10% horse serum (Flow Laboratories) and maintained in a humidified atmosphere of 5% CO 2 at 37°C.
Adenovirus infection. On day 1 of cell culture, myocytes were infected with either AdFAK or AdFRNK. AdFAK and AdFRNK were generously supplied by Dr. Joseph Loftus (Mayo Clinic Scottsdale). Control experiments were performed on myocytes infected with AdLacZ. This virus was constructed with the use of the pAdEasy system (Stratagene), and viral titer was determined on all stocks with the use of the Adeno-X kit (BD Biosciences). Myocytes were infected at matched multiplicities of infection of either 20 or 50, and expression was confirmed by immunoblot analysis. Patch-clamp recordings and Western blot analysis were performed 2 to 3 days after infection.
Recording procedure and measurement of I Cl,swell. The patchclamp method (7) was used to record the whole cell ICl,swell with the use of the L/M EPC-7 (Adams and List) and Axopatch 200 (Axon Instruments) amplifiers. Pipettes were made from Prism glass capillaries (Dagan) and had resistances of 1-2 M⍀ when filled with internal solution. All experiments were conducted on isolated, noncoupled myocytes at room temperature (22°-24°C). For the measurement of I Cl,swell, cells were first placed in an isotonic external solution consisting of (in mM) 132 NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 0.1 CdCl2, 1 BaCl2, 5 dextrose, 5 HEPES, pH 7.4 (with NaOH; 280 mosM). Cd 2ϩ was present in the solution to block the L-type Ca 2ϩ current, whereas Ba 2ϩ was included to inhibit the inward rectifier K ϩ current. The Na ϩ current was blocked with TTX (10 M), and the Na ϩ channels were inactivated by maintaining the myocytes at a holding potential of Ϫ40 mV. To activate I Cl,swell, the external solution was replaced with hypotonic solution consisting of (in mM) 90 NaCl, Membrane currents were recorded with 12-bit analog-to-digital converters (Axon Instruments). Data were sampled at 2 kHz and filtered at 0.5 kHz with a low-pass Bessel filter (Frequency Devices). The series resistance was compensated to give the fastest possible capacity transient without producing oscillations. With this procedure, Ͼ70% of the series resistance could be compensated. At the end of each experiment, cells were perfused with hypertonic solution consisting of (in mM) 150 mannitol, 90 NaCl, 5 KCl, 1 MgCl 2, 1 CaCl2, 0.1 CdCl2, 1 BaCl2, 5 dextrose, 5 HEPES, pH 7.4 (with NaOH; 356 mosM). The I Cl,swell was then determined by subtracting the currents recorded in the hypertonic solution from those measured in the hypotonic solution. The reversal potential (Erev) for ICl,swell was defined as the potential where the swelling-induced current was zero. In those cases in which the exact zero current was not recorded, Erev was determined by fitting a line through the points on the current versus voltage curve directly above and below this potential.
Preparation of cardiac cell lysates and Western blot analysis. To prepare cell lysates for Western blot analysis, cardiac myocyte cultures were placed into a lysis buffer [50 mM Tris ⅐ HCl, pH 7.4, 150 mM NaCl, 50 mM 1,4-dithiothreitol, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 1 mM phenylmethysulfonyl fluoride, 1 mM EGTA, 0.25% sodium deoxycholate, 2 g/ml aprotinin, and protease inhibitor cocktail (Roche)]. The lysates were immediately transferred to precooled microfuge tubes and sonicated to reduce viscosity. The protein content of the cell preparations was determined with the use of a protein assay kit (Pierce). For Western blot analysis of tyrosine phosphorylation, proteins (120 -150 mg/lane) were separated by electrophoresis on 10% SDS-polyacrylamide gels with the use of a standard cell (Bio-Rad) run overnight. The running buffer contained 25 mM Tris, 193 mM glycine, pH 8.3, and 0.1% SDS. Proteins were transferred to polyvinylidene difluoride membranes with the use of a Trans-Blot apparatus (Bio-Rad). The transfer buffer contained 25 mM Tris, 192 mM glycine, pH 8.5, and 20% methanol. For immunodetection, membranes were first blocked in Tris-buffered saline (TBS) containing 0.1% Tween 20, bovine serum albumin, and 0.025% Na azide for 60 min at room temperature. Anti-phosphotyrosine (1:2,000) (Cell Signaling Technology) antibody was incubated with the membranes overnight at 4°C. After primary antibody treatment, the membranes were washed with TBS-0.1% Tween 20 and incubated with a secondary antibody (horseradish peroxidase-conjugated mouse IgG; Cell Signaling Technology). Immunoreactive bands were visualized on X-ray film (Kodak) with the use of the enhanced chemiluminescence method (Pierce) and quantified by densitometry (Bio-Rad Molecular Imager). FAK, paxillin, and Src were detected with the use of phospho (p)-specific antibodies (1:1,000 for pFAK-Tyr576/577, 1:1,000 for pPaxillin-Tyr118, and 1:1,000 for pSrc-Tyr527; Cell Signaling Technology and Upstate Biotechnology) according to procedures described previously (3). Each immunoblot result was confirmed on three separate myocyte cultures.
Measurement of cell area and statistical analysis. The measurement of the cell area provides a good estimate for determining changes in cell volume (15) . Cell images were obtained with the use of an ORCA ER 1394 digital camera (Hamamatsu), and cell area was calculated with the use of Image Pro Plus software (Media Cybernetics). The averaged cell area and ICl,swell values presented are means Ϯ SE. Multiple comparisons of mean values were performed by one-way ANOVA with post hoc Bonferroni tests. Student's t-test was used for comparing the two groups. Values of P Ͻ 0.05 were considered significant.
Drugs and chemicals. Isoproterenol, tamoxifen, and anthracene-9-carboxylic acid (A-9-C) were purchased from Sigma Chemical (St. Louis, MO). TTX, DNDS, NPPB, PP2, and 4-amino-7-phenylpyrazolo [3,4-d ] pyrimidine (PP3) were obtained from CalBiochem (San Diego, CA). Under these conditions, negligible background currents were measured when the cells were bathed in isotonic external solution. However, application of hypotonic external solution resulted in the activation of a time-independent, outward rectifying current. The swellinginduced current reached a peak amplitude within 10 -15 min of addition of the hypotonic solution and declined more rapidly back to baseline levels on addition of hypertonic solution (Fig.  1, top right) . In 12 myocytes examined, the peak current amplitude was Ϫ7 Ϯ 1 pA/pF (at Ϫ100 mV) and 17 Ϯ 2 pA/pF (at ϩ60 mV). The swelling-induced current was also present in uninfected myocytes (not shown).
RESULTS

Activation of I Cl,swell in neonatal rat ventricular myocytes.
To identify the ionic basis of the swelling-induced current in the neonatal myocyte cultures, the E rev of the current was measured under conditions where external and internal concentrations of Cl Ϫ were varied. Figure 1, ϭ 100 mM), the E rev was Ϫ1 mV (E Cl ϭ 0 mV; results not shown). Furthermore, under each experimental condition described above, the swelling-induced current displayed an outward rectifying current-voltage relation (Fig. 1) .
It was also determined whether the swelling-induced current could be activated in the absence of hypotonic solution through stimulation of either cAMP-dependent PKA or PKC. An alternatively spliced variant of the cystic fibrosis transmembrane conductance regulator (CFTR) is present in the myocardium of a number of mammalian species (8, 24) . CFTR functions primarily as a PKA-activated Cl Ϫ channel (14) . However, application of the ␤-adrenergic receptor agonist isoproterenol (1 M), to stimulate PKA, failed to activate a background current (n ϭ 8 cells; results not shown). This concentration of isoproterenol produces a fivefold increase in cAMP levels and augments the L-type Ca 2ϩ current in the neonatal myocytes (36) . In addition, no evidence for activation of the current was obtained during 10 min treatment with the phorbol ester phorbol 12,13-dibutyrate (100 nM). Thus the properties of swelling-induced current described in this study are consistent with Fig. 1 . Measurement of volume-sensitive chloride current (ICl,swell) in neonatal rat ventricular myocytes. Left: currents recorded in isotonic, hypotonic, and hypertonic external solutions during voltage steps, given in 20-mV increments, to potentials ranging from Ϫ100 to ϩ60 mV. Top right: time course of changes in ICl,swell recorded at ϩ60 mV in hypotonic and hypertonic external solutions. Currents were normalized to peak current measured in hypotonic solution.
Bottom right: average current versus voltage relationship for volume-sensitive current measured in NaCl (n ϭ 12 cells) and Na aspartate (n ϭ 5 cells) hypotonic external solutions.
those of I Cl,swell previously identified in mammalian cardiac myocytes (6, 22, 32) .
To further confirm the presence of I Cl,swell in the myocytes, the effect of several organic Cl Ϫ channel blockers was examined on the swelling-induced current. The results of these experiments are summarized in Fig. 2 . The stilbene compound DNDS (200 M) blocked the current in a voltage-dependent manner with strong inhibition of the outward currents and no inhibition of the inward currents (Fig. 2) . A similar voltagedependent block of I Cl,swell by DNDS has previously been described (6, 23) . Block of the channel by the anti-estrogen tamoxifen (50 M) also occurred in a voltage-dependent manner. However, with tamoxifen there was also significant inhibition of the inward currents. In contrast to the results with DNDS and tamoxifen, the arylaminobenzoate NPPB (20 M) acted in a voltage-independent manner to block I Cl,swell . Finally, no inhibition of the channel was observed during application of A-9-C, even with a drug concentration as high as 500 M (Fig. 2) .
Regulation of I Cl,swell via tyrosine phosphorylation. Previous studies suggest that tyrosine kinases play a role in the activation of the cardiac I Cl,swell (4, 25) . As shown in Fig. 3 , anti-phosphotyrosine immunoblot analysis was performed to determine if hypotonic swelling stimulates tyrosine kinase activity in the neonatal myocytes. Hypotonic stress enhanced the tyrosine phosphorylation of multiple cardiac proteins including those with molecular sizes of 68 -70, 80 -85, and 120 -130 kDa. Increased phosphorylation of the proteins could be measured within 2 min of hypotonic media exposure and peaked within 5 min (Fig. 3) . In the continued presence of the hypotonic solution, phosphorylation returned to isotonic levels by 20 min (Fig. 3) . Pretreatment of the cells with the drug PP2 (10 M), a selective inhibitor of FAK and Src kinases, diminished swelling-induced phosphorylation of these proteins (Fig.  3) . The phosphotyrosine proteins with molecular sizes in the range of 68 -70 and 120 -130 kDa may correspond to the focal adhesion proteins paxillin and FAK, respectively. To confirm this possibility, Western blot analysis was performed with the use of antibodies specific for the phosphorylated forms of the two proteins. As predicted, the anti-pPaxillin and anti-pFAK antibodies recognized proteins of ϳ68 kDa and 120 kDa (Fig.  3) , respectively. Furthermore, exposure of the cells to hypotonic media for 5 min increased the intensity of both bands. Changes in the phosphorylation of Src kinase were also determined. Phosphorylation of Src at Tyr527 inhibits enzyme activity, whereas phosphorylation at Tyr416 stimulates Src (28) . As shown in Fig. 3 , osmotic swelling caused no change in levels of pSrc (Tyr527). Changes in the phosphorylation of Tyr416 were also tested; however, immunoblot signals could not be detected under either isotonic or hypotonic conditions.
The results shown in Fig. 3 indicate that hypotonic swelling causes an enhanced tyrosine phosphorylation of several cardiac proteins including FAK. Thus it was hypothesized that activation and/or maintenance of I Cl,swell may be dependent on stimulation of tyrosine kinases such as FAK and Src. However, addition of PP2 during the peak activation of I Cl,swell produced a small yet significant increase in the current (36 Ϯ 5% at ϩ60 mV; n ϭ 6 cells). No significant increase in I Cl,swell was measured after the addition of PP3 (4 Ϯ 3% at ϩ60 mV; n ϭ 6 cells), a structural analog of PP2 that does not inhibit tyrosine kinases. The augmenting effect of PP2 required several minutes (5-6 min) of cell treatment and was completely reversed on washout of the drug. Although PP2 enhanced the peak amplitude of I Cl,swell , it is possible that pretreatment of the Fig. 2 . Effect of chloride channel blockers on ICl,swell. Top: currents recorded in hypotonic external solution during voltage steps, given in 20-mV increments, to potentials ranging from Ϫ100 to ϩ60 mV. Currents were measured before and after addition of 200 M 4,4Ј dinitrostilbene-2,2Ј-disulfonic acid (DNDS). Bottom: percent decrease in ICl,swell measured at Ϫ100 and ϩ60 mV with DNDS (200 M), 5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB; 20 M), tamoxifen (50 M), and anthracene-9 carboxylic acid (A-9-C; 500 M). Each bar represents mean Ϯ SE change in current measured in 4 to 6 myocytes. *P Ͻ 0.05 vs. decrease at Ϫ100 mV. myocytes with the drug might prevent the activation of the current by inhibiting tyrosine phosphorylation (as shown in Fig. 3 ). Contrary to this prediction, 10 min of pretreatment of the cells with PP2 increased the peak steady-state current measured in the presence of hypotonic solution (Fig. 4) . In addition, when compared with the control and PP3-treated myocytes, the rate of I Cl,swell activation was enhanced after PP2 treatment (Fig. 4) .
PP2 inhibits FAK as well as Src family kinases including Src, Fyn, and Hck. To determine a specific role of FAK in I Cl,swell regulation, myocytes were infected with AdFAK and AdFRNK. Overexpression of FAK produced no significant change in the size of I Cl,swell compared with that measured in the AdLacZ-infected cells (Fig. 4) . In contrast, myocytes infected with AdFRNK displayed a twofold increase in I Cl,swell (Figs. 4 and 5) . Furthermore, overexpression of FRNK caused I Cl,swell to activate more rapidly when compared with myocytes infected with AdLacZ and AdFAK (Fig. 5) . To quantify this effect, the onset of current activation in the presence of hypotonic solution was fit with a sigmoidal function. In control AdLacZ myocytes, the time to 50% activation during hypotonic solution exposure (t 1 ⁄2) was 7 Ϯ 1 min (n ϭ 5 cells). In cells overexpressing FRNK, the t 1 ⁄2 decreased to 4 Ϯ 1 min (n ϭ 5 cells). These values were significantly different (P Ͻ 0.05). In comparison, the t 1 ⁄2 in the PP2-(n ϭ 4 cells) and PP3-treated (n ϭ 4 cells) myocytes was 4 Ϯ 1 and 8 Ϯ 2 min, respectively (P Ͼ 0.05). Thus either treatment of the myocytes with PP2 or infection with AdFRNK enhanced the size of I Cl,swell .
If FRNK acts through a mechanism similar to PP2 in regulating I Cl,swell , a comparable inhibition in swelling-induced tyrosine phosphorylation might be expected during overexpression of this protein. When compared with myocytes infected with AdLacZ, overexpression of FRNK caused a strong depression in both unstimulated and swelling-stimulated tyrosine phosphorylation (Fig. 6 ). In addition, AdFRNK infection inhibited paxillin phosphorylation when the myocytes were exposed to hypotonic media (Fig. 6 ). Figure 6 , middle, summarizes the results measured in the phosphotyrosine immunoblot experiments. Swelling-induced increases in the protein phosphorylation of the 68-and 120-kDa proteins are plotted for control (uninfected and AdLacZ-infected), AdFRNK-infected, and PP2-treated myocytes. On the basis of densitometric analysis, hypotonic swelling of control myocytes caused 4-fold and 2.5-fold increases in the intensity of the 120-and 68-kDa proteins, respectively. In contrast, the AdFRNK-infected and PP2-treated cells displayed average increases of Ͻ30% for the proteins.
Because swelling-induced changes in tyrosine phosphorylation were measured in hypotonic media, whereas activation of I Cl,swell was stimulated in hypotonic Tyrode solution, it was important to determine if the changes in cell volume were the same under both experimental conditions. As displayed in Fig.  6 , bottom, hypotonic-induced changes in cell volume were the same in myocytes undergoing patch-clamp analysis (in Tyrode solution) and biochemical analysis (in media). No changes in cell volume were observed in myocytes maintained in isotonic solutions (Fig. 6) . 
DISCUSSION
Identification of I Cl,swell in neonatal rat ventricular myocytes.
In the present study we tested the hypothesis that the tyrosine kinases FAK and Src are involved in regulating the cardiac I Cl,swell . Hypotonic swelling of cultured neonatal rat ventricular myocytes enhanced the tyrosine phosphorylation of several proteins including those in the size range of 68 -70 and 120 -130 kDa. This phosphorylation was strongly reduced by pretreatment of the myocytes with the tyrosine kinase inhibitor PP2. However, cell treatment with PP2 or overexpression of the FAK inhibitor FRNK augmented the size and increased the activation rate of I Cl,swell . Thus the tyrosine kinases FAK and Src contribute through a complex mechanism to the regulation of the cardiac I Cl,swell .
The cardiac I Cl,swell has been identified in the myocardium of a number of species including the canine (22, 32) , rabbit (6), guinea pig (34), chick (38) , and human (18) . Although one previous study (29) , with the use of a radiolabeled I Ϫ efflux assay, identified a volume-sensitive anion channel in neonatal rat ventricular myocyte cultures, the present study is the first to characterize the electrophysiological properties of I Cl,swell in this preparation. The addition of hypotonic external solution to the neonatal myocytes resulted in the activation of a current with properties consistent with those of the cardiac I Cl,swell (6, 22, 32) . The swelling-induced current had a E rev close to the E Cl , displayed an outward rectifying current versus voltage relationship under both asymmetrical and symmetrical concentrations of transmembrane Cl Ϫ , and was blocked in a voltagedependent manner by the drugs DNDS and tamoxifen. Furthermore, activation of the current could be completely reversed on addition of hypertonic external solution. Consistent with previous studies, this deactivation of the current in hypertonic solution occurred more rapidly than did the activation phase in hypotonic solution (9) . Despite these similarities, it should be noted that the sensitivity of the neonatal I Cl,swell for tamoxifen and A-9-C was less than that reported for the channel in adult myocytes (4, 23, 34) .
Signaling pathways involved in I Cl,swell activation. Several previous investigations have examined the role of protein kinases in I Cl,swell activation. It is generally accepted that neither PKA-nor PKC-mediated phosphorylation is required for the activation of I Cl,swell (8, 24) . The cardiac volumesensitive chloride channel can be activated in the presence of the protein kinase inhibitors H-7 and H-8 (6, 32) as well as during cell dialysis with a peptide inhibitor of PKA (6). The activation of I Cl,swell in pulmonary endothelial cells also does not involve PKA or PKC (26) . The inability of isoproterenol and phorbol 12,13-dibutyrate to activate I Cl,swell in the present study is consistent with these findings. Although a previous study (12) identified the CFTR Cl Ϫ channel in the neonatal rat ventricular myocytes, we found no evidence for the activation of a PKA-dependent Cl Ϫ current under the conditions of our experiments. This discrepancy may be accounted for by the different ages of the neonates (3 to 4 days old, current study; 1 day old, Ref. 12) or the length of the myocyte culture (3-4 days, current study; up to 14 days, Ref. 12) in the two studies.
Because nonreceptor tyrosine kinases are activated during mechanical and osmotic stimulation (16, 17) , it was suggested that these kinases might function in I Cl,swell activation (30). Sadoshima et al. (17) demonstrated that osmotic swelling of neonatal ventricular myocytes is associated with the tyrosine phosphorylation of several cardiac proteins including those with molecular sizes of ϳ70, 85, 120, and 130 kDa. For the majority of proteins, tyrosine phosphorylation occurred within the first minute of hypotonic media exposure and reverted back to control levels during 5-10 min of treatment with hypotonic media (17) . In our experiments, increased phosphorylation occurred within 2 min of hypotonic solution addition and reached a peak within 5 min (Fig. 3) . Thus the kinetics of tyrosine phosphorylation were consistent with those of the initial activation of I Cl,swell. However, protein phosphorylation declined below the peak level after 10 min of hypotonic solution exposure and returned to control levels by 20 min. Therefore, at a time when I Cl,swell was still activating (Fig. 1) , tyrosine phosphorylation was declining back to control levels.
We identified FAK and paxillin as targets of hypotonic swelling-induced tyrosine phosphorylation. Whereas phosphorylation of FAK was previously shown to increase during osmotic swelling (17) , this is the first report of swellinginduced increases in the tyrosine phosphorylation of paxillin. Both FAK and paxillin are located within cardiac focal adhesions where they form a structural link between the extracellular matrix and the actin cytoskeleton. In addition, paxillin serves as a docking site for a number of tyrosine kinases including Src, FAK, and proline-rich tyrosine kinase 2 (pyk2) (10, 33) . Phosphorylation of tyrosine residues on paxillin by these kinases recruits other signaling molecules, including Crk and p130Cas, which, along with FAK, stimulate the ERK, p38, and JNK MAP kinases (10, 33) . Through recruitment of ERK, pyk2, and other kinases, phosphorylation of paxillin may be an Previous studies have demonstrated that the effects of tyrosine kinase inhibition on the cardiac I Cl,swell are dependent on the chemical inhibitor employed and the cardiac cell under investigation. For example, when applied before or during hypotonic stimulation, the broad-spectrum tyrosine kinase inhibitor genistein inhibits the activation of I Cl,swell in dog atrial (25) and embryonic chick heart (37) cells. In contrast, when applied after I Cl,swell activation, genistein enhances the current in human atrial (4) and rabbit ventricular (13) myocytes. In addition, the selective FAK and Src kinase inhibitor PP2 augments I Cl,swell in human atrial (4) and rabbit ventricular (13) myocytes. Conversely, inhibition of the epidermal growth factor receptor kinases suppresses I Cl,swell in these cardiac cells (4, 13) . On the basis of the later two findings, it was proposed that receptor-coupled and nonreceptor families of tyrosine kinases may have opposite actions on the volume-sensitive chloride channel (4) .
In the present study, pretreatment of the neonatal myocytes with PP2 diminished tyrosine phosphorylation in the presence of hypotonic solution. Therefore, it was anticipated that PP2 would inhibit the activation of I Cl,swell . However, application of PP2 or overexpression of FRNK, which also inhibited tyrosine phosphorylation, increased the size of I Cl,swell and enhanced the rate of current activation. This suggests that there is not a simple correlation between cellular tyrosine phosphorylation (as measured in Fig. 3 ) and the activation of I Cl,swell in the neonatal myocytes. This conclusion is supported by two additional findings. First, decreases in the basal tyrosine phosphorylation state of the myocyte, measured before addition of hypotonic media, did not result in the activation of I Cl,swell . When compared with the control myocytes (untreated or AdLacZ infected), treatment with PP2 or overexpression of FRNK decreased the amount of basal tyrosine phosphorylation (Figs. 3 and 6 ) but did not activate I Cl,swell in the absence of hypotonic swelling (Figs. 4 and 5 ). Second, PP2 was able to augment the fully activated, steady-state I Cl,swell at a time point (15-20 min after hypotonic solution addition) when tyrosine phosphorylation had already declined back to control levels. However, because of the limitations of the phosphotyrosine immunoblot analysis, it cannot be ruled out that both osmotic swelling and FAK inhibition modified the tyrosine phosphorylation of an important target protein that was not detected in our study. Significant changes in tyrosine phosphorylation may also have occurred within several seconds of hypotonic media addition that were not assayed with our procedure. Finally, it is likely that other proteins, including MAP kinases and Rho GTPases that regulate volume-sensitive channels (9) , are stimulated during cardiac cell swelling (17) . The role of these signaling molecules in the regulation of the cardiac I Cl,swell will require further study.
Limitations of study. There were a number of technical limitations in the present study. The I Cl,swell recordings were obtained at room temperature. It is expected that reducing the temperature of the external solutions from physiological to room temperature would alter cellular tyrosine phosphorylation, as well as other signaling events involved in I Cl,swell activation. To limit the number of solution changes in I Cl,swell recording procedure, exposure of the myocytes to hypotonic solution involved a reduction in the external NaCl concentration from 132 to 90 mM. Reductions in extracellular sodium, by reversing the direction of the sarcolemmal Na ϩ /Ca 2ϩ exchanger, increase intracellular Ca 2ϩ in rat ventricular myocytes (11) . Reducing extracellular sodium from 145 to 70 mM enhances KCl-induced increases in intracellular Ca 2ϩ by ϳ20 nM in these myocytes (11) . The reduction in the NaCl con- Fig. 6 . Summary of changes in tyrosine phosphorylation and cell size. Top: cardiac cell lysates were prepared from myocytes infected with either AdLacZ or AdFRNK and cultured in isotonic or hypotonic media (5 min). Polyvinylidene difluoride membranes were probed with either anti-phosphotyrosine or anti-pPaxillin Abs. Middle: summary of swelling-induced increases in tyrosine phosphorylation of the 120-and 68-kDa proteins measured with phosphotyrosine immunblot analysis. Intensity of each band was determined by densitometic analysis, and change was expressed as a value relative to intensity calculated from cells in isotonic media. Relative change in band intensity is plotted for control (uninfected and AdLacZ infected), AdFRNK-infected (FRNK), and PP2-treated (10 M) myocytes. *P Ͻ 0.05 vs. PP2 and FRNK. Bottom: summary of changes in cell area during hypotonic stimulation. Cell area was quantified either under cell culture conditions (isotonic and hypotonic media) or during patch-clamp analysis (holding potential of Ϫ40 mV; isotonic and hypotonic Tyrode solution), and changes in cell area were determined relative to time 0 (before solution change). *P Ͻ 0.05 vs. corresponding isotonic time point; ‡P Ͻ 0.05 vs. 5-min hypotonic time point. centration also decreased the ionic strength of the external solution. Decreases in intracellular ionic strength activate I Cl,swell in endothelial cells, independent of changes in cell volume (9) . If changes in ionic strength shift the set point of a hypothetical volume sensor, it is possible that reductions in extracellular ionic strength might also affect I Cl,swell activation.
